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OH(A—X) emission bands have been observed in the molecular beam jets produced by Space Shuttle engine 
exhaust using the GLO imager spectrograph located in the payload bay. Spectra were collected at a resoluUon 
of 4 A for both daytime and nighttime solar illumination conditions, all at an altitude of ~390 km. A spectral 
analysis is presented that identifies and quantifies four separate OH(A) excitation processes. These include 
(i) solar-induced fluorescence of the OH(X) in the exhaust flow, (ii) solar-induced photodissociation of H,0 
in the exhaust at the strong Lyman-a solar emission line (1216 A), (iii) solar-induced photodissociation of 
H2O in the far UV, at shorter wavelengths than Lyman-a, and (iv) luminescent collisions between atmospheric 
species and exhaust constituents, most probably the reaction O + H2O — OH(A) -I- OH(X). Process (i) 
produces a very rotationally cold and spectrally narrow component due to the rapid cooling of the OH(X) in 
the supersonic expansion of the exhaust flow. Processes (ii) and (iii) produce extremely excited OH(A). not 
well characterized by thermal vibrational or rotational distributions. The O + H2O chemiluminescent reaction 
has a substantial activation energy, 4.79 eV, and is only slightly above threshold for the ram geometry, where 
the engine exhaust is directed into the atmospheric wind. Evidence for process (iv) is observed in the night 
ram but not the night perpendicular exhaust atmospheric interaction, consistent with the threshold energy. 
Tlirough the use of a nonequilibrium spectral emission model for OH, the integrated intensity, spectral 
distribution, and OH(A) internal stale characterization for each of the above processes was deduced. Additional 
confirmation of the analysis is provided through the use of a model simulation of the space experiment to 
predict the total integrated intensities for processes (i) and (ii), for which the underlying spectroscopy, absorption 
cross sections, and solar excitation intensities are well establi.shcd. Analysis of process (iii) has established, 
for the first time, a value for the far-UV conversion efficiency of absorbed photons to OH(A) photons of 
0.26, which is twice the established value for Lyman-a. Under the assumption that O + H^O collisions arc 
the source of process (iv), the analysis has established a chemilumincsccnce cross section at ram conditions 
of 1.7 X 10 - Al Evidence of OH(A) emission bands from predissociated vibrational levels susaests that the 
total reaction cross section for process (iv) may be significantly higher. While this cross section assumes a 
single-step reaction of O with H2O, the possibility of a two-step process of O with other plume species has 
yet to be explored. 

I. Introduction a laboratory because experimental approaches either lack the 
Over the years, significant advances have been made in necessary sensitivity due to low number densities and small 

laboratory experimental techniques to study the gas-pha.se observation volumes, or do not provide the necessary control 
dynamics ofchemical reaction systems in ever-increasing detail. ^^ reactant energies and densities. Remote passive optical 
However, there remain systems that are difficult to capture in observations of natural and man-made space-based environments 
— _ have the advantage of overcoming the shortage of emittinc 
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processes are well characterized, they can provide a more direct 
and sensitive measure of a chemical rate coefficient. For 
example, a number of rate coefficients of radical-radical 
reactions have initially been determined from observations of 
astrophysical environments in conjunction with laboratory 
studies; a specific example of such a reaction is the radiative 
association reaction C+ + H2 ^ CH2+ + hv. This reaction was 
postulated' to provide a formation mechanism for the observa- 
tion of CH in the interstellar medium. A rate coefficient of 3 x 
10"'* cm^ s~' was first derived from the observation and from 
a postulated chemical mechanism. Later calculation of this rate 
coefficient^ derived a value of 10<-'6±' 5) j-mS g-'. More recent 
laboratory measurements^ have shown the rate coefficient to 
be (7.0 ± 3.5) x lO"'* cm' s"'. 

As demonstrated recently,'''^ molecular beams emitted from 
a low Earth orbit (LEO) spacecraft engine, such as a Space 
Shuttle Primary Reaction Control System (PRCS) engine, offer 
an attractive means to observe luminescent processes that follow 
from the hyperthermal interaction between the beam species 
and the ambient atmosphere. At typical LEO altitudes (200- 
400 km), the thermosphere consists of ~70% atomic oxygen 
and ~25% N2. Because the spacecraft orbit velocity is ap- 
proximately 7.8 km s~', an oxygen atom penetrates the 
spacecraft environment with a "laboratory energy" approaching 
5 eV, depending on the orbit inclination and the atmospheric 
corotational speed. This results in an average center-of-mass 
collision energy exceeding 2.3 eV for collisions with H2O, a 
primary species of a contaminant cloud that engulfs the orbiter. 
Water is also a major species in the exhaust emanating from 
the spacecraft maneuvering engines. The flow from these 
engines has the characteristics of a supersonic jet with free- 
flow velocities exceeding 3 x 10' m s~\ thereby adding 
additional kinetic energy to collisions with atmospheric con- 
stituents. Consequently, experiments conducted from a LEO 
platform can be exploited to investigate the dynamics at 
hyperthermal translational energies that are difficult to create 
in a laboratory. Knowledge of the precise orbital conditions and 
optical interference sources then permits the extraction of rate 
coefficients for luminescence processes. It is worth mendoning 
here that contamination, especially H2O from outgassing and 
from thruster exhaust, affects all space or space-bound vehicles, 
as has been shown for rockets,'^'' for the Space Shuttle*^-*'^ and 
has been demonstrated in laboratory simulations.'" 

During the 1990s, a suite of imagers and spectrographs called 
GLO was successfully flown on five different missions in the 
Space Shuttle bay providing a wealth of optical data of the Space 
Shuttle and near-Earth optical environment covering an unprec- 
edented spectral range, 1150-9000 A, at resolutions ranging 
from ~4 (UV) to ~ 10 A (IR)."''^ One of the more puzzling 
observations of the GLO experiments,'^ and of parallel, lower 
resolution measurements taken from the space station Mir,'"" 
was a prominent band centered at 3086 A that was observed in 
darkness during spacecraft maneuvers where the engine was 
fired directly into the atmospheric wind. From the high- 
resolution GLO measurements it was concluded that the UV 
band was due to OH A^S^-X-n fluorescence. The radiation 
was most prominent at many tens of meters from the engine 
nozzle, where it can be safely assumed that the exhaust jet has 
reached terminal and very cold translational and rotational 
temperatures in the supersonic expansion and is subject to free- 
stream conditions. The fact that the emissions were more 
prominent at distances beyond 10 m than immediately after the 
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nozzle led to the conclusion that the band arises from lumines- 
cence produced by atmosphere—exhaust coUisional inter- 
actions." 

Attempts have been made to reconcile the observations 
through direct simulation Monte Carlo (DSMC) calculations of 
the orbital environment assuming the reaction'''"'^ 

0(¥) + HP — OH(A^S+) + OH(X^n) - 4.79 eV    (1) 

Note that the reaction threshold exceeds the chemical energy 
available from the kinetic energy of the oxygen atoms alone. 
This channel is opened only when the exhaust jet of the engine 
is directed into the atmospheric wind, where the exhaust H2O 
velocity provides additional translational energy to the collision 
system. The rate coefficient for this chemiluminescent process 
has not been measured, nor has it been calculated. Previously, 
modelers estimated a rate coefficient from the Arrhenius form 
of the temperature-dependent rate coefficient reported for the 
reaction leading to ground state hydroxyl molecules, "•^'' adjusted 
for the activation energy as well as for the fact that only one 
OH product is electronically excited: 

L = 3.8 X 10"'Y'-^ exp{-EJkT); E^ = 4.79 eV    (2) 

This estimate has been reported to lead to a substantial 
overprediction of the absolute OH(A-X) radiance.'*-^' Erofeev 
et al.^^ provided an estimated upper hmit of 10"^ A^ for the 
emission cross section based on the analysis of radiance 
observed when a Soyuz engine was fu-ed into the atmospheric 
wind. This is approximately 2 orders of magnitude less than 
the rate law applied in the models. 

Orient et al.^' conducted crossed-beam measurements of O 
-1- H2O collisions using a sophisticated fast-atomic oxygen beam 
and observed unresolved UV emissions in the 3000-4000 A 
range. Although the onset seemed to be near the threshold 
energy for OH(A) formation, the signal-to-noise level was poor, 
so that definitive conclusions could not be made about the 
efficiency of reaction 1, nor could an estimate of the absolute 
cross section be made. More recently, Matsika and Yarkony^'' 
reported calculations of the potential energy surfaces associated 
with reaction 1. Two conical intersection seams were identified 
through which the ground state reactants can access the 
electronically excited product surfaces. The lowest energy points 
of the seams are at collinear geometries, which represent an 
important constraint on the initially bent system. This suggests 
that reaction 1 is possible but inefficient near threshold, and 
other processes could compete in producing the observed 
radiance. 

Other important sources of OH(A) in the spacecraft environ- 
ment (high-density flame reactions excluded) are the photo- 
induced processes: 

B^O + hv- ■ OH(A) + H 

OU + hv — OE{A) 

(3) 

(4) 

These processes can be expected to be prominent in day-lit 
conditions. Process 3, however, must also be considered in the 
night sky, where there is still significant VUV radiation from 
resonant atomic scattering from Earth's geocorona, especially 
when the sun is not far below the horizon. A primary contributor 
of process 3 is H Lyman-a radiation at 1216 A that provides 
sufficient energy to produce OH(A) with significant rotational 
and vibrational excitation.^^"^^ There is a substantial concentra- 
tion of OH(X) present in the exhaust of space engines due to 
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the high temperatures and kinetically controlled conditions 
within the engines.^^-'o Depending on the type of engine, the 
mole fraction may reach values as high as 4 x 10"^. In contrast, 
equilibrium estimates of the exhaust OH(X) mole fraction are 
insignificant, < 10"^ Direct solar excitation of OH in the engine 
exhaust (reaction 4) is expected to produce rotationally cold 
OH(A) emission. A high-resolution spectrograph should thus 
be capable of differentiating between the photoinduced processes 
3 and 4. 

A key hindrance to a persuasive interpretation of the observed 
OH(A) radiance has been the lack of quantitative, high- 
resolution, fully reduced spectra taken at different, well- 
characterized space environmental conditions. Unlike laboratory 
experiments, remote sensing conditions are rarely fully repro- 
ducible, and a proper analysis depends on knowledge of many 
geomagnetic and measurement geometry parameters. The 
validation of a chemical model depends on the comparison of 
a significant number of measurements at known conditions. The 
present work is the result of a concerted effort at reducing and 
closely examining a vast set of spectral data stemming from 
the GLO missions with particular emphasis on the OH(A-X) 
band emissions. A small subset of these data is analyzed and 
presented in this paper. For the first time, daytime and night- 
sky spectra are compared, providing additional information on 
sources of OH(A). We also compare night-sky spectra where 
the exhaust is directed both into the atmospheric wind (ram) 
and perpendicular to the velocity vector of the orbiter, thus 
providing a direct comparison between radiances at different 
exhaust-atmosphere interaction energies. In the following 
section, the orbital conditions of the respective GLO mission, 
GLO-2 on Space Shuttle mission STS-63, the GLO instrument, 
the spectral data reduction procedure, and the chemical con- 
stituents of the Shuttle engine exhaust will be briefly described. 
In section in, we present a representative survey of spectral 
measurements at different conditions, the spectral analysis of a 
subset of measurements, and the quantification of photoinduced 
processes using a one-dimensional model that takes optical 
opacity into account. In section IV, we discuss the results in 
the context of reaction 1 and derive an emission cross section 
that we compare with predictions from the previous estimate 
of eq 2. 

II. Experimental Section 

A. Space Experimental Conditions. The data presented in 
this work were acquired from GLO-2 aboard the STS-63 Space 
Shuttle mission that occurred on February 5-11. 1995. The 
orbital inclination angle was 51.6° to accommodate a rendezvous 
with the space station Mir. Figure 1 provides a schematic of 
the STS-63 ori^it. At the ~390 km operational altitude, the 
oxygen atom densities ranged between a nighttime minimum 
of ~2 X 10^ and a daytime maximum of ~8 x 10^ cm"\ The 
thermospheric temperature for the present mission varied 
significantly with respect to latitude and local time from ~700 
to 960 K. The thermospheric parameters associated with a 
particular measurement were retrieved from the MSIS thermo- 
sphere model.-^'--^^ The orbital velocity at 390 km is 7.67 x 
lO' m s"'. Assuming corotation of the thermosphere. the 
spacecraft velocity with respect to the atmosphere ranges 
between 7.37 and 7.38 x 10^ m s"' in the present west-east 
orbit, dependent on the orbiter latitude. It is worth mentioning 
that observations suggest that dynamic interaction between the 
ionosphere and the thermosphere induces thermospheric super- 
rotation, leading to a 6-8% faster rotation than the Earth.-''' 
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Ram Day 
395km 

Perp. Day 
394km 

Ram Night 
388km 

M     ©Earth 

Figure L Overview of the orbital and measurement geometry for the 
analyzed GLO data obtained during the STS-63 mission. 

TABLE 1: Mole Fractions, x, of Chemical Constituents 
Calculated for the Exhaust of a PRCS Shuttle Engine" 

species species 

H2O 
CO 
CO. 

0.33 
0.41 
0.07 
0.09 

Ho 
OH 
NO 
H 

0.042 
0.0044 
0.013 
0.027 

" The calculations are based on work by Viercck et al.'" 

The primary source of water contamination on the Space 
Shuttle is from engine exhaust: a secondary source, the 
outgassing of surfaces, is particularly important in the early 
phase of the flight.^'-^^ ^ftg^ a day or two. outgassing becomes 
less important and the pressure in the environment of the Space 
Shuttle becomes comparable to the ambient pressure. In this 
paper we analyze the optical signals generated by the most 
intense and the most persistent of these sources, namely the 
exhaust of engines. The data pertain to the 870 lb thrust PRCS 
engines that use N204-monomcthylhydrazine (MMH) fuel. The 
products of the exhaust based on nonequilibrium calculations 
are shown in Table l.-"* It is estimated that a PRCS firing lasting 
0.72 s releases 5.5 x 10-' neutral molecules or atoms.-*' For 
the experiments reported here, typical firings lasted ~3 s. leading 
to a total number of neutrals ejected of ~2 x 10^*'. The 
implication of the composition data is that there is sufficient 
OH for direct excitation of. and HiO for chemical reaction with 
oncoming ambient O atoms, respectively. 

A large number of exhaust-induced optical spectra have been 
examined for different PRCS engines and firing geometries. 
Figure 1 provides an overview of the engine firings and the 
GLO instrument position and line-of-sight (LOS) which pro- 
duced the spectra presented in section III. We present both 
nighttime and daytime mea.surements at exhaust-atmosphere 
interaction angles of attack of 180° (ram) and 90° (perpendicu- 
lar). A significant number of spectra at perpendicular night 
conditions were examined. Except at twilight conditions, no OH- 
(A-X) emissions could be identified. Table 2 provides the 
important parameters of the engine firings associated with the 
spectral recordings presented in this work. While the local time 
difference between the daytime measurements is .significant, in 
actuality, they were recorded only 6 min apart in universal time 
(UT). The orbit leg defines whether the velocity vector at the 
time was in a north-south (descending) or south-north 
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TABLE 2: Summary of Important Parameters Associated with the Three PRCS Engine Firings Depicted in Figure 1°  
[O](10^cm-') firing local time      altitude (km)       lat. (deg)      long, (deg) leg y^ei (10'm s-')       r(K) 

ram day 
perpendicular day 
ram night 

9:26 
11:32 
19:27 

397.2 
403.5 
388.0 

-31 
-45 

8.5 

283 
305 
142.5 

descending 
descending 
ascending 

10.87 
8.156 

10.88 

801 
837 
767 

4.50 
5.41 
3.04 

" Lat. and long, refer to the shuttle latitude and longitude position; leg defines whether the shuttle was traveling in a south-north (ascending) or 
north-south (descending) direction, y^i is the nominal relative velocity between O atoms and exhaust molecules assuming an exhaust velocity of 
3.5 X 10' m s-'.^s.'o xand [O] are the thermospheric temperature and oxygen atom density, respectively, as determined with the MSIS thermospheric 
model.""'''^ All engine firings occurred on February 10, 1995. 

(ascending) direction, v^ei is the relative velocity given by 

(5) 

^rel      ^orb cor        ex 

where VOA is the orbiter velocity vector, Vcor is the atmospheric 
corotation vector, and Vex is the exhaust velocity vector. An 
axial exhaust velocity of 3.5 x 10^ m s"' was assumed, which 
originates from the exit velocity of 3 x 10^ m s"' plus an 
additional 0.5 x 10^ m s"' attained in the vacuum expansion.^'^° 

The ram measurements involved the L2L engine, while the 
perpendicular measurement observed a firing from the L2U 
engine. The instrumental pointing directions are shown in Figure 
I. For the ram day measurement, the azimuthal angle of the 
spectrograph was -95°, as referenced with respect to the orbiter 
main axis. The elevation angle was 5° with respect to the image 
plane of Figure 1. At this viewing geometry, the Une-of-sight 
intersects the thrust axis at a distance of >50 m from the nozzle 
exit, thereby avoiding emissions from the hot nozzle area of 
the exhaust while observing substantial column densities of the 
exhaust-atmosphere interaction region. In the perpendicular day 
measurement, the elevation angle was 90°, resulting in a LOS 
parallel to and displaced by ~5 m from the thrust axis. 

B. The GLO InstrumenL The space-borne GLO instrument 
has been described in detail before and was placed in the rear 
section of the shuttle bay during the STS-63 mission (see Figure 
1).' It comprises a nine-section spectrograph, three monochro- 
matic imagers, and a TV camera, all boresighted to view in the 
same direction. The spectrograph and imagers have intensified- 
CCD (ICCD) focal-plane detectors. The nine slightly overlap- 
ping spectrograph sections permit simultaneous recording of the 
spectrum from 115.0 to 900.0 nm with a spectral resolution of 
about 4-10 A. Their combined focal-plane image is 4500 pixels 
wide in the wavelength (dispersion) dimension, perpendicular 
to the slit, and 192 pixels in the spatial dimension, along the 
slit. The slit image at the detector is a narrow portion of the 
image of the distant object being observed, preserving spatial 
resolution in the slit-length direction. The design of slit and 
foreoptics affords a field of view of 0.2 x 8.5°. The spectrograph 
was designed to record simultaneously as much information as 
possible from a single column of gas, with a spectral resolution 
good enough to determine the intensity and the rovibrational 
structure of molecular emissions. 

The instrument head is mounted on a scan platform that can 
rotate the field of view in two orthogonal directions (azimuth 
and elevation), thereby permitting viewing in almost any 
direction. The TV-camera image is used while in flight to select 
the view direction, track the day or night Earth limb, and hold 
stars steady in the spectrograph slit for spectral calibrations and 
occultation experiments. A computer is dedicated to carrying 
out preprogrammed, complex experiment sequences that are 
time tagged and/or ground commanded. The instrument is 
therefore autonomous and capable of continuous operation 
throughout a 14-day mission. Science and engineering data are 

OH(A'i?-X=n) 

(0-0) 

Ram Day 

2700   2800   2900   3000   3100   3200   3300 
\/\favelength (A) 

Figure 2. GLO specttal data corresponding to measurement geometries 
depicted in Figure 1. The spectra have been vertically displaced for 
presentation purposes. 

returned on communications links via the TDRS satellites at a 
total data-return rate of 1.5 Mbits/s. A rewriteable 512-MB 
optical disk records during loss of signal on the TDRS link. 
Data acquisition and downloading are described in separate 
publications.'^'^* 

C. Spectral Data Reduction. The GLO data are processed 
and analyzed using two utility programs, SIBYL and GLOview, 
provided by the Lunar and Planetary Laboratory of the 
University of Arizona.'• SIBYL handles the data returned from 
ICCD spectrographs and imagers, while GLOview visualizes 
the geometric viewing parameters such as the spacecraft position 
with respect to Earth, the sun, and the stellar background, the 
GLO instrument pointing direction, and the orientation of the 
spectrograph slit and imagers. Using the SIBYL program, a 
typical spectrum is obtained by the following procedures: An 
optical background hyperspectral image is obtained by identify- 
ing an image frame recorded shortly prior to the engine firing 
at the same pointing geometry. The exposures are then normal- 
ized with respect to time (1 s), and bad pixel data are removed. 
A mission and spectrograph section dependent transformation 
is then applied to the pixel array in order to properly align the 
slit dimension with respect to the vertical axis of the array. The 
background data are then subtracted from the exhaust recording, 
and a spectrum is obtained by generating a sum of pixel rows 
that cover the slit range of interest. The spectra are then 
calibrated with respect to wavelength and the intensity is 
converted to an absolute scale (R A"', 1 R = 1 rayleigh = 10* 
photons cm~2 s"' integrated over all angles) with the use of 
ICCD spectral sensitivity curves. 

IIL Results 

A. Space-Based Spectral Measurements. Spectra in the 
2700-3300 A spectral range are presented for ram and 
perpendicular day and ram night conditions in Figure 2. They 
were originally recorded from a 2 s exposure at a resolution of 
4 A. The figure also includes a difference spectrum between 
the two daytime spectra. Except for the ram night spectrum, 
which is expanded by a factor of 2, all of the spectra are plotted 
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on the same vertical intensity scale. Structure due to the OH- 
(A-X) 0-0 and 1 -1 bands near 3080 A (termed Au = 0 bands) 
is apparent in all of the spectra. NO{y) band emissions can also 
be identified and are attributed to solar-induced fluorescence 
of NO in the exhaust. A substantial NOCy) signal is expected, 
since the NO exhaust mole fraction is larger than that for OH 
and the integrated absorption strength of NO(y) is much larger 
than that for OH(A). Because the NO(Y) absorption is quite 
optically opaque, the observed fluorescence will be quite 
sensitive to the geometric position of the detector, exhaust flow, 
and the sun, as reflected by the significant differences in the 
ram and perpendicular day observations. The NOiy) bands will 
not be further discussed in this woric, except that they interfere 
with the OH(A) Aw = -1 bands at ~2800 A. The similarity 
between the ram and perpendicular OH(A-X) spectra in 
daytime, with respect to both structure and intensity, suggests 
that these emissions are primarily attributable to photoexcitation 
processes. 

The signal for the ram night spectrum is substantially weaker 
than the day spectrum, ftirther confirming that photoexcitation 
plays a major role in the daytime observations. No OH(A-X) 
emissions can be identified in perpendicular night measurements 
(not shown in Figure 2). The difference spectrum of the day 
measurements also reveals a broad band that, upon closer 
inspection, has features similar to the ram night spectrum. The 
comparison is somewhat obstructed at ~3090 A due to the 
higher intensity of the most intense OH(A-X) feature in the 
perpendicular measurement. This is attributed to optical opacity 
effects discussed in greater detail in section m.C. Nevertheless, 
the similarity between the difference day spectrum and the ram 
night spectrum suggests that the broad band at 3100 A is due 
to a chemiluminescent process attributable to exhaust- 
atmosphere interaction, and that this process has a cross section 
that is significantly larger in the ram than in perpendicular 
conditions. This is also consistent with the fact that the nighttime 
OH(A-X) feature is weaker than the daytime difference 
spectrum, and relates to the lower nighttime atmospheric atomic 
oxygen density, as seen in Table 2. In the following, a 
quantitative analysis of the spectra is conducted based on these 
tentative conclusions. 

B. Spectral Analysis. The intense OH(A-X) band observed 
at a perpendicular angle of attack in the day measurements 
appears to be dominated by photoinduced processes. As 
mentioned in the Introduction, two photoinduced processes 3 
and 4 could contribute to such emissions. These two processes 
produce entirely different OH(A) vibrational and rotational 
populations. Direct excitation of exhaust OH with ~3100 A 
light produces a Franck-Condon vibrational distribution and a 
rotational temperature governed by the expansion-cooled OH- 
(X) in the exhaust. Ly-a photodissociation of H2O at 1216 A 
has been shown to yield a substantially hotter vibrational and 
rotational distribution of OH(A).2*27 Photodissociation of H2O 
with far-UV radiation can be expected to result in an even hotter 
vibrational and rotational distribution, although laboratory 
measurements of the OH(A) product state distribution have not 
been carried out at these extreme wavelengths. 

Figure 3 compares the perpendicular daytime spectrum to a 
spectrum calculated to provide a best fit of the OH(A-X) Av 
= 0 features, assuming photoinduced processes (3) and (4) are 
in effect. The calculated spectrum was generated using a 
previously developed nonequilibrium radiative transfer code." 
The code computes the emission-absorption spectrum for an 
optically opaque inhomogencous column of thermally and 
nonthermally excited diatomic molecules. The populations of 
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Figure 3. Comparison of the model fit to the perpendicular day GLO 
data. The data curve has been vertically displaced by -t-500 R/A. 

the upper and lower electronic states are specified, typically in 
terms of separate effective vibrational and rotational tempera- 
tures, for each computational segment of the emitting-absorbing 
path. Each emission-absorption line is explicitly considered 
using a precomputed spectral database consisting of line 
position, integrated strength, pressure broadening coefficient, 
and the vibrational and rotational energies of the upper and lower 
electronic states. While this code, which has a line position 
accuracy of ~l cm"', is adequate for the analysis reported here, 
we note the more recent development of similar nonequilibrium 
OH(A) emission models with somewhat improved spectral 
accuracy and intensity distributions.'*"' 

For application to the OH analysis, however, a few modifica- 
tions were made to the code. The vibrational populations of 
the OH(A) state were specified individually, and a total 
vibration-rotation energy cutoff in the OH(A) state was 
introduced. In addition, a rotational state dependent weighting 
factor, W= K", where K is the rotational quantum number, was 
applied to the rotational populations to approximately account 
for the highly non-Boltzmann rotational distributions found for 
OH(A) formed via ultraviolet induced dissociation of H20.-^^^ 
A value of « = I was empirically found to give a reasonable 
fit to the observed laboratory spectrum^' for this 0H(A) 
formation process. The simulations were limited to j;' < 4 and 
v" < 3. 

The spectral parameters providing the best fit are given in 
Table 3. The individual components of the spectrum are shown 
in Figure 4. From the fits it can be deduced that the most intense 
feature is predominantly from solar resonance fluorescence, 
which also contributes nearly half of the total integrated OH- 
(A-X) radiance. A rotational temperature of 150 K provides 
the best agreement between the calculated and observed spectra. 
The goodness of the fit, however, is substantially improved by 
adding a hot component produced in H2O photodissociation 
processes. The integrated intensity attributable to hot OH must 
be consistent with known far-UV radiance and the associated 
photoinduced conversion efficiencies. The latter is only known 
for Ly-a + H2O-'' and results in insufficient intensity to fully 
reproduce the spectrum. The residual hot OH(A) signal can be 
accounted for assuming additional photoinduced processes from 
solar lines at shorter wavelengths, referred to as far-UV lines. 

The H2O photodissociation contribution involves high rota- 
tional excitation of OH(A) that is not well represented by a 
thermal distribution. We have been able to satisfactorily 
reproduce the Ly-a laboratory results of Carrington^"^" by 
applying a rotational temperature with an additional statistical 
factor given by the rotational quantum number, K. The distribu- 
tions are truncated (Table 3) so that no contributions are allowed 
from energetically closed product channels. The OH(A) vibra- 
tional populations from Ly-a photodissociation of H2O were 
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TABLE 3: Parameters Providing tlie Best Reproduction of the OH(A-X) Perpendicular Day Spectrum and tlie Ram Niglit 
Spectrum"  .^____  

component P^ (j/ = 0,1,2, 3,4) r/(K) WK £max(cm   ■) integrated radiances (kR) 

exhaust OH 
Ly-a + HzO 
farUV + HjO 

reaction OH 

Tv' = 5 000* 
1.0,0.85,0.31,0.04^ 
1.0,1.0,1.0,1.0,1.0 

1.0,1.1,0.46,0.86,0.54 

Perpendicular Day 
150                 1 

40000                K 
40 000                K 

Ram Night 
4 000 1 

12 000 
8 500 

12 000 

12 000 

57 
27 
40 

21 

" Ty and T/ are the A state vibrational and rotational temperatures, WK is the additional weighting applied to account for nonthermal rotational 
distributions, and £max is the cutoff energy applied to account for either predissociation limits (12 000 cm"') or energy conservation.' A vibrational 
temperature was used to define the populations of the y' = 0 and 1 levels, and P^ = 0 for y' > 1." Populations from laboratory experiments."^ 

PRCS Perp. Day 
Fit Components 

1000 - 

100 - 

100 

10 

Far UV HO 

"° .f*Hlw^ 
2700 2900 3100 

Wavelength (A) 

3300 

Figure 4. Spectral components for the model fit in Figure 3 
corresponding to the photoinduced OH(A) emission processes. Note 
the 10-fold expanded vertical scale for the Ly-a and far-UV compo- 
nents. 

obtained from laboratory experimental results.^* The far-UV 
component has not been previously measured in the laboratory. 
It was assumed that the Ly-a rotational distribution would apply 
and that the vibrational disUibution would be considerably hotter 
due to the availability of >2 eV additional excitation energy. 
We have assumed an equal population of vibrational states for 
the OH(A) products. 

Figure 5 compares the observed ram night OH(A-X) 
spectrum with modeled spectra. The model spectra have been 
degraded to slightly lower spectral resolution than the data to 
faciUtate the comparison. They were generated with a maximum 
OH(A) internal energy cutoff of £max = 1-5 eV. This corre- 
sponds to a reasonable upper limit to the amount of internal 
excitation available to the reactively produced OH(A) for the 
ram bum, taking into account the spread in atmospheric O atom 
velocities. The two model spectra correspond to different 
assumed limits with respect to the effect of predissociation on 
the OH(A) emission spectrum.''^"'*' OH(A) levels with term 
energies exceeding 12 000 cm~' predissociate with rates 
significantly higher than the fluorescence rates. 

In Figure 5a, only the nonpredissociating v' = 0 and 1 levels 
were included in the fit along with a rotational temperature of 
T, = 4000 K. The comparison between the calculated spectrum 
and the ram night spectrum, however, indicates significant 
intensity between 2950 and 3000 A that is not reproduced by 
the modeled spectrum. It appears that slightly too much baseUne 
subtraction was applied to the experimental data in the spec- 
trograph segment above 3000 A. We estimate that the addition 
of a constant ~ +25 R/A to the data in this spectrograph 
segment would noticeably improve the model—data comparison. 

2700 2800 2900 3000 3100 3200 3300 

Wavelength (A) 
Figure 5. Comparison of the model fit to the night ram GLO data. 
The calculated spectra have been slightly spectrally degraded for 
improved comparison, (a) Calculated spectrum includes predissocia- 
tion: i.e., predissociated states make an insignificant contribution, (b) 
Calculated spectrum neglects predissociation: i.e., all levels are assumed 
to radiate. 

In Figure 5b, the ram night spectrum is compared with a 
modeled spectrum that does not include predissociation and, 
therefore, includes emissions from t/ = 2,3, and 4 with steady 
state populations shown in Table 3. It is seen that the calculated 
(3,2) band reproduces the 2950-3000 A band remarkably well. 
The model spectrum also accounts for a weaker feature at 2760 
A where the (4,2) band would be expected.^'''^ It is worth noting 
that similar bands have been observed in atmospheric pressure 
air plasmas.^* There are a few features, such as the sharp bands 
at 2860, 2890, and 3235 A, that are not accounted for by the 
calculated spectra for which no source can be identified. 

C. Integrated Radiance Analysis. The observed integrated 
intensities from the solar-induced processes (Table 3) can be 
understood with reference to a simple model of the space 
experiment. The local number density, p, of the exhaust gases 
is given by the well-established Brook exhaust flow model,''^ 

P = - 
Aexp(-g(I -COS0)) 

(6) 

where A and B are motor-specific constants, R is the radial 
distance measured from the "point-source" motor, and 0 is the 
angle measured from the thrust axis. The representation of the 
flow as a point source is valid for distances beyond ~10 nozzle 
exit diameters. It applies to this analysis since the exit diameter 
of the Shuttle PRCS motor is 24 cm and the GLO instrument 
LOS typically intersects the exhaust flow beyond 5 m from the 
exit. For the PRCS motor, A = 9.94 x 10^^ molecules cm^^ 
and B = 8.58. 
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TABLE 4: Spectral Parameters Used in the Model Intensity Predictions for the Solar-Induced Fluorescence of the Exhaust 

band (i/y) A„(A) FA (photons s"' ctn"^ A~') G (photons s-'mor') /l(,s-') R o* (cm^) 
(0,0) 
(1.0) 
(1,1) 

3086 
2826 
3143 

1.2 X 10" 
6.0 X 10'^ 
0.0^ 

9.7 X 10-* 
1.0 X 10-" 
0.0 

1.5 X 10* 
0.44 X 10« 
0.86 X 10* 

1.0 
0.34 
0.66 

6.0 X 10-" 
1.5 X 10-" 
0.0 

Spectral Fit 
(Perp.: 

" Ao is the wavelength of the band origin. Fi is the solar spectral flux. G is the total solar induced excitation rate. A is the spontaneous emission 
Einstein coefficient. R is the branching ratio, and a is the absorption cross section. * Based on Doppler width of 0.016 cm-' (hwhm) at 30 K.' Only 
j/' = 0 is populated in the supersonic expansion. 

Calculation of the detector signal is governed by two light 
transmission integrals through the exhaust gases: (1) the 
transmission of the local OH(A-X) emission from each point 
along the spectrograph line-of-sight (LOS) to the spectrograph, 
referred to as path 5, and (2) the local excitation rate of OH(A) 
which depends on the transmission of the solar light to each 
point in the exhaust flow, referred to as path s'. For the formation 
of OH(A) via Ly-a photodissociation of H2O, the detector signal 
intensity is given by 

I = ZH,of V^JT ^ PW ^^P(-XHpo£ ds' pV))    (7) 

where ;fH20 is the mole fraction of water, e is the conversion 
efficiency of absorbed Ly-a photons to OH(A), Ftya is the solar 
flux, and o is the absorption cross section. Because the OH(A) 
formed by Ly-a photodissociation is produced preferentially 
in very high rotational levels, there is very little absorption by 
the much colder exhaust OH(X); thus the transmission from 
each LOS point to the spectrograph is taken to be unity. The 
water mole fraction for the PRCS motor is taken to be jfHjO = 
0.41 (Table 1), which corresponds to the inner oxidizer-rich 
zone of the film-cooled motor.^° This is appropriate since the 
detector LOS for the PRCS measurements falls within this zone. 
The conversion efficiency e = 0.13 is based on recent laboratory 
measurements;^'' however, it is noted that earlier measurements 
favor a somewhat lower value of 0.08.'*" The Ly-a solar flux 
of /^Lya = 3.5 X 10" photons s~' cm~2 is based on satellite 
data for the actual measurement time,''^ and the absorption cross 
section of a = 1.2 x lO"'^ cm^ is based on laboratory data.''" 

Computation of the signal due to solar-induced fluorescence 
of the exhaust OH proceeds along similar lines, yielding 

'„:,/■ = Xo}S,r.,r-G,/_oJ^ds p(s) x 

^m-XouO,.:or d^' P(s')) ^m-XoHO,f.,r£ d.9" p{s")) (8) 

where /,/,,/- is the emission intensity (photons s"' cm"-) between 
the OH(A,2/) and OH(X,i/') vibrational levels, xow is the OH 
exhaust mole fraction, /?,,,,/- is the branching ratio, C,/.o is the 
total solar-induced excitation rate into the OH(A,«/) manifold 
(only I/" = 0 is populated in OH(X) due to the supersonic 
expansion process), o,r_,r is an effective line absorption cross 
section averaged over the emission-absorption band rotational 
manifold, and the two exponential terms account for the 
transmission along the solar and emission paths, respectively. 
The determination of the R and G factors for solar-induced 
molecular fluorescence is straightforward"*" "^ and depends only 
on the well-established Ein.stein A and solar flux values for each 
band. The values used in this study arc found in Table 4. The 
effective absorption cross section for each band was estimated 
ba.scd on the effective number of emission lines (there arc 
approximately eight significant lines for each band at the 
retrieved OH(A) rotational temperature of 125 K) and a Doppler 
line width determined by a representative translational tempcr- 

0     60    120   180  240   300  360 

Sun-Thrust Angle (deg) 
Figure 6. Predicted variation of the integrated intensities with the sun- 
thrust angle (see the insert for definition of the geometry) for the exhaust 
OH and Ly-a photoinduced components. 

ature for the vacuum expansion (the translational temperature 
was taken to be 30 K based on previous analysis of a similar 
motor)."" Values for the cross sections are also given in Table 
4. 

The mole fraction of OH in the exhaust is not well- 
determined. An initial estimate ba,sed on an earlier analysis used 
Xow = 4.4 X 10-3 based on nozzle flow/chemical kinetic 
calculations for the inner oxidizer-rich zone of the PRCS.-'° The 
details of the flow and chemistry within a nozzle are extremely 
complex and not completely understood, hence the large 
uncertainty associated with the prediction of a trace species, 
such as OH. Consequently, the OH mole fraction was treated 
as an adjustable parameter, its value determined by fitting to 
the data. A value of ;^oii = 2 x lO'^ was found to account for 
the solar-induced OH emission. 

Figure 6 plots the predicted OH(A-X) emission intensities 
for the H2O and OH source components as a function of sun- 
thrust axis angle. The figure also includes an inset that defines 
the .sun-thrust angle in the perpendicular day mca.surement. The 
sun-thrust axis angle governs the integration path through the 
exhaust cloud, and con.sequenlly determines the opacity of the 
experiment. The variation of the predicted signal is relatively 
mild for the photodissociation (Ly-a H2O) component. In 
contrast, the resonance fiuorcscence OH component displays a 
much stronger variation with the sun-thrust axis angle. This is 
due to the much larger optical opacity for the component 
transitions. 
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Figure 7. Predicted variation of the apparent vibrational temperature 
for the exhaust OH(A) fluorescence with the sun-thrust angle for the 
same geometry as in Figure 6. 

The derived radiances from the perpendicular day spectrum 
are also shown in Figure 6 at the respective angle. The 
agreement between model and spectral analysis is considered 
acceptable given the approximate nature of the model, the 
uncertainties associated with the model parameters, and speci- 
fication of the measurement geometry. The estimated uncertainty 
range for the model predictions is approximately ±25%. 

An interesting consequence of the significant optical opacity 
is its effect on the apparent vibrarional temperamre for the 
exhaust OH(A) emission. Since the absorption cross section is 
much larger for the (0,0) band than the (1,0) and (1,1) bands, 
the effect of opacity is to increase the relative signal observed 
from the v' = 1 level. This translates into an increase in the 
apparent vibrational temperature for OH(A). The vibrational 
temperature is derived from the apparent ratio of vibrational 
populations for the j/ = 1 and 0 levels. For the model 
calculations, the population ratio follows from 

A,o + A,i ^0.0 

/, 0,0 ^1,0 "'"'^1, 
(9) 

where P is the OH(A) population, / is the computed intensity, 
and A is the Einstein coefficient. The calculated temperatures 
are displayed in Figure 7. Good agreement is found with the 
5000 K temperature estimate based on the spectral analysis. 

IV. Discussion 

The present analysis of OH(A-X) emissions in the shuttle 
environment sheds new light on their sources. Daytime radiances 
can be accurately quantified with a model that includes 
resonance fluorescence excitation of trace amounts of cold OH 
present in the exhaust, process 4, and photodissociation of the 
primary exhaust constituent H2O through Ly-a and far-UV, 
process 3. The substantial photoinduced far UV contribution 
arises from the solar UV spectrum below Ly-a and is primarily 
due to a handful of atomic ttansitions, most notably OVI (1032- 
1036 A) and CIH (977 A)."' These lines provide ~2 eV more 
excess energy in process 3 than the 1.06 eV generated by Ly- 
a. The total UV flux at wavelengths below Ly-a is ~2.6 x 
10" photons s"' cm"^,"" somewhat smaller than the 3.5 x 10" 
photons s"' cm~- for Ly-a. However, the determined integrated 
intensity for the far-UV component is significanUy larger than 
that for Ly-a, 40 vs 27 kR. Since the absorption cross sections 
for the far-UV lines are close to that for Ly-a,''^-^" this implies 
that the OH(A) conversion efficiency for the far-UV lines is e 
= 0.26 ± 0.13, twice that for Ly-a. 

The absolute radiances provide OH and H2O densities 
representative of the LOS—thrust axis intersection point that 

Relative Velocity (10^ ms'^) 
6 8 10 12 

1  "1—I—I—r- 
OH(A)/OtH,0 Threshold,. I 

"T 

 ■   I   ■!.   ■   I   I 

1        2        3       4        S        6        7 

Collision Energy (CM, eV) 

Figure 8. Collision energy distributions at perpendicular and ram 
geometries calculated for the ram night orbit condition. A 3.5 x 10' m 
s~' exhaust velocity is assumed. The cross section energy dependence 
given by eqs 11 and 12 for reaction 1 is also shown on a logarithmic 
scale for O atom translational temperatures of 0 and 767 K. The cross 
sections are compared to the value derived from the observed integrated 
OH(A-X) radiance during the ram night engine burn. 

are within uncertainties consistent with predicted values.^" As 
demonstrated nicely in Figures 6 and 7, an important charac- 
teristic of remote observation experiments is the viewing 
geometry, which has important effects on the degree of optical 
opacity, to the extent that apparent vibrational distributions 
depend on it. The day spectrum observed during a ram firing 
exhibits traces of signal in high K regions of the spectrum that 
are not apparent in perpendicular observations. A comparable 
broad band is observed in the night ram spectrum. The night 
perpendicular spectrum is devoid of OH(A—X) radiance. The 
night ram emissions are, therefore, attributed to a translational 
energy enhanced coUisional process between exhaust molecules 
and atmospheric constituents, the most abundant of which is 
atomic oxygen. 

As stated in the Introduction, reaction 1 has been considered 
to be the main source of OH(A—X) emissions observed in the 
night spectra of exhaust afterglow. The energetics of this reaction 
system at the ram night conditions (Table 2) are depicted in 
Figure 8, where the center-of-mass (CM) collision energy 
distributions for the ram and perpendicular nominal relative 
velocities, v^h are shown. An H2O translational temperature of 
30 K is assumed. The distributions are calculated using a Monte 
Carlo integration approach from the corresponding velocity 
shifted MaxwelUan velocity distributions: 

MAv- 

m-   n   m" 3/2 

expi 
m\i/: + v'^ + ifh 

XljtkT'l   XljikT"!     ^\ 2kT' 

exp( —'^ ^J„——\ di/, dv;d< dv^'dv;^: do 
2kT' 

V = v,e, + V' + V" 

where v' and v" are the thermal random velocity vectors of the 
oxygen atoms and the exhaust H2O, respectively. The threshold 
of 4.79 eV is also identified in the figure. From the distributions 
it is determined that, at perpendicular conditions, essentially no 
reactants have collision energies above the OH(A) formation 
threshold, consistent with the fact that no OH(A-X) emissions 
could be identified. In the ram conditions, 76% of reactants are 
found to exceed that threshold. 

Figure 8 also plots the previously estimated reaction cross 
section threshold function based on the Arrhenius expression 
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of eq 2.'*-2' The rate coefficient translates into the following 
cross section energy dependence given by a modified line-of- 
centers form:""^^ 

(E - EJ' 
o(E) = o,     ^     ;      E>E, 

ao = 8.08A^eV~'"';      n=1.8 

(11) 

where CTQ 'S a scaling parameter and n determines the cross 
section growth curvature. The plot of eq 11 shown in Figure 8 
(solid line) corresponds to the 0 K threshold function. The 
thermally broadened threshold function at the thermospheric 
temperature of 767 K (dashed line): 

a(£,r') = <o(£))r' (12) 

is also shown, demonstrating a substantial increase in effective 
cross section at nominal collision energies near threshold. 

As mentioned in the Introduction, application of eq 2 or 11 
results in an overprediction of the OH(A-X) emissions when 
incorporated in direct simulation Monte Carlo models of the 
spacecraft environment. The ram night viewing geometry allows 
a simple estimate of the cross section for reaction 1. Given the 
significant densities of the exhaust jet (eq 6), the oxygen atoms 
penetrating the exhaust suffer multiple collisions and do not 
reach the spacecraft. Consequently, since the spectrograph LOS 
is into the atmospheric wind, all of the incoming oxygen atoms 
undergo an energetic collision within the instrument field of 
view. The cross section can, therefore, be determined from 

'[0]v,,aH^o 
(13) 

where Od is the elastic cross section at the respective relative 
velocity, €r is the OH(A) conversion efficiency per O + H2O 
collision, / is the integrated photon flux, and [O] is the atomic 
oxygen density. We have adopted an elastic cross section of 11 
A^ for the respective relative velocity, using the criteria applied 
in the industry-standard direct simulation Monte Carlo program 
SCXTRATES.''* Applying the ram night conditions of Table 2 
and the radiance shown in Table 3, a conversion efficiency of 
1.5 X 10"-^ is determined corresponding to a chemiluminescencc 
cross section associated with process I of 1.7 x 10"^ A-. This 
value, depicted in Figure 8, is consistent with the analysis of 
Erofeev et al..^^ who derived an estimated cross section of 10"- 
A^ from the analysis of Soyuz engine activity as observed from 
Mir. It must be noted that the present estimated emission cross 
section should be regarded as an upper limit, because eq 13 
assumes that all elastic collisions result in sufficient momentum 
transfer that subsequent collisions with H2O are below the OH- 
(A) formation threshold. Momentum transfer, however, becomes 
less significant for elastic processes at high relative velocities. 
Currently, a unified approach does not exist for the derivation 
of a momentum transfer cross section for molecular systems at 
the hyperthermal velocities of interest in this work.''' Fast 
oxygen atom beam angular scattering experiments, however, 
have provided interaction potentials associated with classical 
elastic scattering cross sections that are significantly lower than 
those currently applied in most models.^^'^' 

With reference to Figure 8, it can be seen that eqs 11 and 12 
predict a value of 1.7 A^ for process 1 at a relative velocity of 
10.88 X l(fi m s~', or a collision energy of 5.2 eV. This is 2 
orders of magnitude above the present analysis. It is, therefore, 
not surprising that previous efforts to model OH(A-X) emis- 
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sions based on the O + H2O reaction resulted in an overpre- 
diction of the emissions. These authors, however, did not take 
into account that sufficient energy is available to produce OH- 
(A) in vibrational levels that predissociate, and, therefore, a 
significant fraction of OH(A) products do not radiate. If, in fact, 
the tentative assignment oft/- 2. 3, and 4 OH(A-X) emission 
bands in the night ram spectrum is correct (Figure 5), the 
fluorescence quantum yields-^''*^'''-'' of the respective predis- 
sociated vibrational states dictate that the total cross section of 
reaction 1 could exceed 1 A^. Consequently, the reaction cross 
section given by the estimated rate constant may not be as poor 
as the initial comparison to the emission cross section may have 
suggested. On the other hand, a large cross section of the order 
of 1 A^ would not appear to be consistent with potential energy 
surface calculations by Matsika and Yarkony^-* that imply a 
constrained system governed by a collinear conical intersection 
through which the system must pass to access the surface 
associated with OH(A) + OH products. The bands attributed 
to i/ > 2 predissociated states have also been observed in 
atmospheric pressure air plasmas by Levin and co-workers.^* 
who attributed them to a reverse predissociation mechanism. 
We do not have a plausible explanation for this band at the 
current low-density conditions. 

While the present analysis focuses on processes 1, 3, and 4, 
other possible sources of rolationally hot OH(A) could include 
the sequential processes 

hv + H.O — 20H(X) 

hv + OH(X) — OH(A) 

O + H2O — 20H(X) 

hv + OH(X) — OH(A) 

(14a) 

(14b) 

(15a) 

(15b) 

where the second step involves photoexcitation of hot OH(X), 
and direct collisional excitation between exhaust species and 
atmospheric neutrals: 

N2, O -I- OH(X) — N2, O + OH(A) (16) 

made possible due to the high OH exhaust mole fraction. It is 
noted that, while there is a .significant exhaust mole fraction of 
H2 (~0.04), the center-of-mass translational energy of reaction 
0 + H2 ^ OH(A) + H is well below threshold for the ram 
thrust geometry. 

The significant difference in OH(A-X) intensity between the 
daytime ram-pcrpcndicular difference spectrum and the ram 
night spectrum (Figure 2, Table 3) suggests additional daytime 
sources are contributing. Simple estimation establishes that the 
photoinduccd sequential process (14) is at least .several orders 
of magnitude below the daytime ram-perpendicular difference. 
However, we estimate that the collision-induced sequential 
process (15) can yield up to ~100 kR at the daytime conditions. 
This estimate assumes a gas-kinetic reaction cross section of 
~10 A^ for the first O + H2O step. The literature rate coefficient 
for this reaction"-^" is only valid for temperatures between 300 
and 2500 K and results in cross sections at temperatures 
conresponding to ram relative velocities that arc higher than what 
is physically possible. The magnitude of process 15 can be 
e.stimated directly from the data in Table 3 a.ssuming that the 
day ram-perpendicular difference (44 kR) should be largely 
due to process 15 and reaction 1. If we assume that the 
perpendicular viewing geometry does not produce any radiance 
through this sequential mechanism, we can subtract off reaction 
1 contributions by using the night ram data scaled for the 
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variation in the atmospheric O atom density for the day and 
night ram firings (31 kR). This yields 13 kR, implying that the 
cross section for the first step of process 15 is ~1 A^ at ram 
conditions. This is a lower limit since the assumption that no 
radiance is produced through this mechanism at perpendicular 
conditions signifies that the O atom flux is significantly 
attenuated by the exhaust jet, and the OH(X) products are swept 
out of the field of view prior to excitation and observation. 
Comparison of nighttime ram and perpendicular NH(A-X) 
emission intensities in the same experiment, however, indicate 
only a factor of ~2 attenuation of the perpendicular intensity. 
Based on an analysis of Space Shuttle as well as DSMC 
simulations,'^ the respective chemiluminescent reaction between 
atomic oxygen and a number of possible exhaust constituents 
is estimated to have a threshold of 2.5 eV. A detailed DSMC 
analysis of the present system is thus necessary to fully quantify 
the contribution of process 15 and the current daytime perpen- 
dicular measurements. 

In case of coUisional excitation events that yield OH(A) as 
shown in (16), there is virtually no information available in the 
literature on the O + OH forward reaction or the reverse 
quenching process. There are also other reaction pathways 
available at lower energies, namely production of H + O2 (or 
HO2, if collisionally stabilized) and 0('D) + OH(X), which 
can be expected to compete effectively with the nonadiabatic 
channel that would produce OH(A). From the known densities, 
a fluorescence excitation cross section of several square 
angstroms would be needed to account for the observed emission 
intensities. Future experimental and/or theoretical studies of this 
nonadiabatic process are, nevertheless, warranted. While the ram 
translational energy of an O + OH encounter is approximately 
5.1 eV, the corresponding center-of-mass collision energy 
associated with an N2 + OH collision is 6.5 eV, making this 
process competitive with the O + OH system. 

Other potential sources of OH(A) considered include the well- 
known flame mechanisms*" 

OH + OH + H —OH(A) + H20 (17) 

0-l-H + M-*OH(A) + M (18) 

and optical excitation of the OH(X) in the engine exhaust flow 
by the OH(A) flame luminescence from the not directly viewed 
region in and around the engine. The former is ruled out because 
the exhaust flow density intercepted by the sensor Une-of-sight 
is sufficiently low (the maximum viewed pressure is on the order 
of 10"^ atm for the PRCS engines), thereby rendering the three- 
body recombination flame mechanisms unimportant. The latter 
is ruled out because (1) no OH(A) emission is observed above 
the noise level for the night perpendicular PRCS bum, and (2) 
this mechanism would be exciting very rotationally cold OH- 
(X) from the exhaust flow vacuum expansion and thus would 
produce a very narrow spectral emission distribution, whereas 
the night ram spectrum is quite rotationally hot. 

While the single-step process of reaction 1 is currently the 
favored pathway for reactively producing OH(A), the possibility 
of two sequential chemical reactions initiated by the encounter 
of O and another exhaust plume species has yet to be fully 
explored. Recent, unpublished analysis by W. Dimpfl of the 
Aerospace Corporation''' of satellite-based measurements of UV 
spectra and imagery of a Shuttle OMS engine ram bum at ~300 
km altitudes indicate that a mechanism involving two chemical 
reaction steps may be an important source of OH(A). 

Although the present work has focused on engine exhaust 
interactions with the atmosphere, the daytime signals and 
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analysis suggest that OH(A-X) radiances can be exploited to 
diagnose contamination problems in space. A particularly 
difficult problem encountered on stmctures such as the Inter- 
national Space Station is the proper detection of leaks. The 
present measurements indicate that the origin of such leaks can 
be detected with an imager filtered at ~3090 A and situated in 
a servicing vehicle to the station. 

V. Conclusions 

OH(A—X) emission spectra observed in the Space Shuttle 
environment in regions of PRCS engine exhaust-atmosphere 
interactions have been analyzed at differing solar and jet 
direction configurations. The spectra were acquired along lines- 
of-sight parallel and close to the thrust axis for ram (directly 
into the atmospheric wind) and perpendicular firings for both 
daytime and nighttime solar illumination conditions, all at an 
altitude of ~390 km. Because of the good spectral resolution 
and multitude of observation conditions, it was possible to 
identify and quantify four separate OH(A) excitation mecha- 
nisms. These include (i) solar-induced fluorescence of the OH- 
(X) in the PRCS exhaust flow, (ii) solar-induced photodisso- 
ciation of H2O in the PRCS exhaust at the strong Lyman-a solar 
emission line (1216 A), (iii) solar-induced photodissociation of 
H2O in the far UV, below Lyman-a, and (iv) collision processes 
between atmospheric and exhaust species, most probably the 
chemical reaction between the atmospheric atomic oxygen and 
exhaust H2O. The daytime perpendicular spectrum can be 
modeled with components of mechanisms (i)-(iii) where only 
the OH(A) state distributions from far-UV photodissociation 
require adjustments of vibrational and rotational distribution. 
The OH(A) state distributions of mechanisms (i) and (ii) are 
given by the OH(X) rotational temperature in the expansion- 
cooled exhaust and excitation Franck-Condon factors, and 
laboratory measurements, respectively. The analysis permitted 
the derivation of a far-UV H2O to OH(A) conversion efficiency 
of 0.26 ± 0.13. Calculated integrated radiances produced 
through H2O photodissociation are in excellent agreement with 
the observed intensities, assuming the modeled H2O exhaust 
mole fraction of 0.41.^ The calculated radiance associated with 
mechanism (i) is in agreement with the observed intensities if 
an OH mole fraction of 0.002 in the exhaust is assumed. 

The nighttime ram spectmm is most probably attributed to 
reaction 1 and is associated with high rotational excitation (7/ 
= 4000 K) and very high vibrational excitation. No OH(A-X) 
emissions could be identified during perpendicular night engine 
operation. This is consistent with the fact that coUisions with 
translational energies surpassing the 4.79 eV threshold of 
reaction 1 are not possible at the perpendicular condition, while 
~76% of reactant collisions are determined to have energies 
exceeding threshold for the ram conditions. The integrated OH- 
(A-X) intensities in the ram night measurement are associated 
with a chemiluminescence cross section of 1.7 x 10"^ A^. This 
value depends on knowledge of the appropriate momentum 
transfer cross section, but is significantly lower than cross 
sections applied in previous modeling efforts of OH(A—X) 
emissions in the spacecraft environment. The spectrum exhibits 
evidence for bands associated with predissociated states, imply- 
ing that significant amounts of OH(A) products are formed that 
do not radiate, and that the total OH(A) formation cross section 
could be several orders of magnitude higher, which could be in 
conflict with the constrained dynamics expected from the 
reported conical intersection mechanism.^'' More detailed studies 
of the dynamics of reaction 1 as well as alternative processes 
14—16 are warranted. 
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